Across eukaryotes, mitochondria exhibit staggering diversity in genomic architecture, including the repeated evolution of multichromosomal structures. Unlike in the nucleus, where mitosis and meiosis ensure faithful transmission of chromosomes, the mechanisms of inheritance in fragmented mitochondrial genomes remain mysterious. Multichromosomal mitochondrial genomes have recently been found in multiple species of flowering plants, including Silene noctiflora, which harbors an unusually large and complex mitochondrial genome with more than 50 circular-mapping chromosomes totaling ∼7 Mb in size. To determine the extent to which such genomes are stably maintained, we analyzed intraspecific variation in the mitochondrial genome of S. noctiflora. Complete genomes from two populations revealed a high degree of similarity in the sequence, structure, and relative abundance of mitochondrial chromosomes. For example, there are no inversions between the genomes, and there are only nine SNPs in 25 kb of protein-coding sequence. Remarkably, however, these genomes differ in the presence or absence of 19 entire chromosomes, all of which lack any identifiable genes or contain only duplicate gene copies. Thus, these mitochondrial genomes retain a full gene complement but carry a highly variable set of chromosomes that are filled with presumably dispensable sequence. In S. noctiflora, conventional mechanisms of mitochondrial sequence divergence are being outstripped by an apparently nonadaptive process of whole-chromosome gain/loss, highlighting the inherent challenge in maintaining a fragmented genome. We discuss the implications of these findings in relation to the question of why mitochondria, more so than plastids and bacterial endosymbionts, are prone to the repeated evolution of multichromosomal genomes. meiosis | mitochondrial DNA | mitosis | multichromosomal | multipartite
Across eukaryotes, mitochondria exhibit staggering diversity in genomic architecture, including the repeated evolution of multichromosomal structures. Unlike in the nucleus, where mitosis and meiosis ensure faithful transmission of chromosomes, the mechanisms of inheritance in fragmented mitochondrial genomes remain mysterious. Multichromosomal mitochondrial genomes have recently been found in multiple species of flowering plants, including Silene noctiflora, which harbors an unusually large and complex mitochondrial genome with more than 50 circular-mapping chromosomes totaling ∼7 Mb in size. To determine the extent to which such genomes are stably maintained, we analyzed intraspecific variation in the mitochondrial genome of S. noctiflora. Complete genomes from two populations revealed a high degree of similarity in the sequence, structure, and relative abundance of mitochondrial chromosomes. For example, there are no inversions between the genomes, and there are only nine SNPs in 25 kb of protein-coding sequence. Remarkably, however, these genomes differ in the presence or absence of 19 entire chromosomes, all of which lack any identifiable genes or contain only duplicate gene copies. Thus, these mitochondrial genomes retain a full gene complement but carry a highly variable set of chromosomes that are filled with presumably dispensable sequence. In S. noctiflora, conventional mechanisms of mitochondrial sequence divergence are being outstripped by an apparently nonadaptive process of whole-chromosome gain/loss, highlighting the inherent challenge in maintaining a fragmented genome. We discuss the implications of these findings in relation to the question of why mitochondria, more so than plastids and bacterial endosymbionts, are prone to the repeated evolution of multichromosomal genomes. meiosis | mitochondrial DNA | mitosis | multichromosomal | multipartite T he diversity in mitochondrial genome architecture across eukaryotes (1, 2) tells a history of highly divergent evolutionary trajectories since the origin of mitochondria from an alphaproteobacterial endosymbiont (3) (4) (5) . At one extreme, many Jakobid protists have highly conserved mitochondrial genome architectures with reduced but still very much bacterial-like genomes (6, 7) . In contrast, mitochondrial genomes in many other eukaryotes have been radically transformed or even lost entirely. One recurring evolutionary pattern is the fragmentation of mitochondrial DNA (mtDNA) into multichromosomal genomes, which has occurred independently in a wide variety of taxa, including kinetoplastids (8) , diplonemids (9) , dinoflagellates (10), the green alga Polytomella parva (11), ichthyosporean protists (12) , chytrid fungi (13) , and multiple lineages of both metazoans (14) (15) (16) (17) (18) (19) (20) and angiosperms (21) (22) (23) . The fragmentation of genomes into chromosomes is a very general property of eukaryotic nuclear genomes. In the nucleus, the complex molecular machinery of mitosis and meiosis ensures the reliable partitioning of nuclear chromosomes into daughter cells. By contrast, little is known about the basic mechanisms of inheritance and evolutionary maintenance of multichromosomal mitochondrial genomes.
Flowering plants are a prime example of a eukaryotic lineage with extreme and highly diverse mitochondrial genome structures. Angiosperm mitochondrial genomes are characterized by a number of unusual properties, including their large and variable sizes (ranging from ∼200 kb to over 10 Mb), low gene densities, extensive posttranscriptional modifications, and propensity to capture foreign DNA sequences (24, 25) . They generally exhibit very low rates of nucleotide substitution, but their structures are highly dynamic, varying extensively among and even within species as a result of frequent rearrangements and gain/loss of intergenic sequences (26) (27) (28) (29) (30) . In most angiosperm mitochondria, there is also a high frequency of recombination between large repeated sequences within the genome, interconverting between a suite of alternative conformations that coexist within an individual (31) . As a result, angiosperm mitochondrial genomes typically produce multipartite maps that can be represented either as a single "master circle" or as a set of subgenomes (32, 33) .
Multichromosomal mitochondrial genomes have recently been identified in three independent angiosperm lineages (21-23). These genomes differ from the typical multipartite mitochondrial genome structures in angiosperms in that at least some of the chromosomes do not share large recombining repeats with the other chromosomes and are, therefore, considered to be autonomous. These genomes cannot be mapped as a single master circle. The first multichromosomal mitochondrial genome to be identified in angiosperms was found in cucumber (Cucumis sativus), in which two small circular-mapping chromosomes (45 and 84 kb) were assembled independently from the main 1.6-Mb chromosome (21) . A multichromosomal mitochondrial genome has since been identified in Amborella trichopoda (23) . The most extreme examples of multichromosomal mitochondrial genomes have been found within the genus Silene (Caryophyllaceae). In this genus, species with accelerated rates of mitochondrial substitution harbor exceptionally large mitochondrial genomes that have been fragmented into dozens of circular-mapping chromosomes (22) . For example, the sequenced mitochondrial genome of Silene noctiflora (6.7 Mb) is larger than most free-living bacterial genomes and consists of 59 chromosomes ranging in size from 66 to 192 kb. Remarkably, many of these chromosomes do not contain a single identifiable gene. It is, therefore, unclear what functional significance they might have and whether they are maintained by selection.
One impediment to understanding the ongoing evolutionary forces that act on multichromosomal mitochondrial genomes is the lack of data on intraspecific variation in the sequence and structure of these genomes. Here, we used a combination of wholegenome sequencing and quantitative PCR (qPCR) to identify natural variation in the extreme mitochondrial genome of S. noctiflora. Although we found little variation in sequence, structure, or relative abundance of most chromosomes, we show that mitochondrial genomes within this species differ by the presence or absence of entire chromosomes. In light of this surprising finding, we discuss hypotheses for the origins and ongoing evolution of the extreme mitochondrial genome architecture in S. noctiflora and implications for the repeated evolution of multichromosomal mitochondrial genomes throughout eukaryotes.
Results
The S. noctiflora Blue Ridge Parkway Mitochondrial Genome. Mitochondrial DNA was isolated from a single maternal family of S. noctiflora derived from a collection on the Blue Ridge Parkway in Virginia, United States (hereafter, referred to as BRP). The genome was sequenced with a 454 shotgun library (493,183 reads, 184.7 Mb) and a 454 paired-end library with an average span of 2.8 kb (153,974 reads, 34.0 Mb). De novo genome assembly revealed an enormous mitochondrial genome that has been fragmented into dozens of circular-mapping chromosomes. The assembled BRP mitochondrial genome is 7,137,666 bp in length and comprises 63 chromosomes ranging in size from 64,875 bp to 191,194 bp (Table S1 ). The genome contains 32 protein, tRNA, and rRNA genes (Table 1 ), but many of these genes are present in multiple copies (Table S2) , resulting in a total gene count of 54.
The BRP mitochondrial genome was compared with a previously published mitochondrial genome from S. noctiflora (22) . The original genome was derived from a roadside population of S. noctiflora on Old Schoolhouse Road (OSR) in Eggleston, VA. It was sequenced with a combination of 454 and Illumina technologies and assembled de novo with the same methodology applied in this study.
S. noctiflora OSR and BRP Mitochondrial Genomes Vary in the
Presence/Absence of Entire Chromosomes. The two sequenced mitochondrial genomes from S. noctiflora (OSR and BRP) differ in their number of chromosomes (59 and 63, respectively). They share 50 chromosomes with conserved synteny (Fig. 1) . In addition, the entire content of OSR chromosome 7 is present in the BRP genome but divided between two chromosomes, BRP 25 and BRP 33 (with the latter also containing 78.8 kb of additional sequence that is not found in the OSR mitochondrial genome). The remaining 8 chromosomes in OSR and 11 chromosomes in BRP are unique to their respective genomes (Fig. 1) .
In the mitochondrial genomes of both BRP and OSR, the number of chromosomes exceeds the number of genes (Table 1) , resulting in a large number of seemingly "empty" chromosomes that lack any annotated functional element (20 chromosomes in OSR and 25 in BRP). Of the 19 chromosomes that are unique to one of the two genomes, 14 fall in this category of lacking any identifiable genes. The remaining five lack any unique genes but contain genes that are duplicated on one of the chromosomes that is shared between the genomes. Therefore, the variation in chromosome number between OSR and BRP does not seem to translate into a difference in overall functional gene content between the two genomes. Instead, like the rest of the genome, these chromosomes consist mostly or entirely of noncoding sequence. Some of this noncoding sequence can be traced to insertions of nuclear or plastid DNA, but the vast majority lacks detectable similarity to any known DNA sequence (22) .
The total genome size of BRP is 410 kb larger than that of OSR (Table 1 ). This entire size difference results from the greater Gene counts are reported as the number of unique genes annotated in each genome, with the total gene number (including duplicates) indicated in parentheses. Blocks on the outer ring represent the individual chromosomes in each genome, with the width and height of the blocks representing chromosome length and sequencing coverage depth, respectively. Chromosomes are ordered in decreasing size from top to bottom. The internal ribbons connect regions of homologous sequence shared between the two genomes. Chromosomes shown in green and red are conserved between OSR and BRP, respectively. Chromosomes shown in lighter shading are unique to their respective genomes whereas chromosomes shown in blue have experienced the structural rearrangement described in the text. Chromosomes that lack any identifiable genes are indicated with short black lines just inside the circle of blocks. This figure was generated with Circos v0.66 (60) .
number and length of unique chromosomes in BRP. The lengths of the 50 chromosomes that are shared between BRP and OSR are similar in the two genomes; in fact, their total length is 13 kb shorter in BRP than in OSR.
Some of the 19 chromosomes that are unique to either OSR or BRP contain large repeats that are duplicated elsewhere in the genome. In the most extreme example, although BRP chromosome 61 does not have a full-length homolog in the OSR genome, it contains a 22-kb sequence that is shared with BRP chromosome 32 and the corresponding homolog in OSR (chromosome 27) (Fig.  2) . Overall, the BRP mitochondrial genome has a slightly higher percentage of repetitive sequence content than OSR ( Table 1) .
Conservation of Mitochondrial Sequence and Structure in S. noctiflora.
In contrast to the variation associated with the presence/absence of entire chromosomes, the rest of the mitochondrial genome in OSR and BRP exhibits a remarkable degree of similarity in both sequence and structure. The BRP and OSR genomes do not differ by any inversions, and there are few examples of other large-scale structural rearrangements. Indels and SNPs are far more common than inversions and structural rearrangements but still contribute little overall sequence divergence between the OSR and BRP mitochondrial genomes. Alignments of the 50 shared chromosomes with a total length of 5.8 Mb revealed 2,242 indels, but the majority (1,879) of these indels are associated with single-nucleotide repeat regions (i.e., homopolymers), which are subject to a high rate of length errors with 454 sequencing technology. The 363 indels that remained after excluding homopolymer regions represented a total of 40.5 kb (0.70% of the aligned chromosome length) and ranged in size from 1 bp to 14.9 kb.
The chromosomal alignments contained a total of 2,344 SNPs (excluding those associated with homopolymer regions), corresponding to an overall nucleotide sequence identity of 99.96%. Although consistent with our previous findings (22) , the low level of nucleotide polymorphism within S. noctiflora mtDNA is surprising given the history of rapid nucleotide substitution in this species. The lack of polymorphism may reflect a very low effective population size and/or a recent reversion to lower mitochondrial mutation rates in S. noctiflora (22) . Of the identified SNPs, 498 are transitions (Ti), and 1,846 are transversions (Tv), producing a Ti:Tv ratio of 0.27. Most of the identified SNPs were in noncoding regions. In a total of 25,338 bp of protein-coding sequence in the entire genome (after excluding duplicate gene copies), we found only nine SNPs in four genes (ccmFn, cox1, mttB, and nad2). Of these nine SNPs, five were nonsynonymous (0.0003 polymorphisms per nonsynonymous site) and four were synonymous (0.0006 polymorphisms per synonymous site). SNPs are not evenly distributed among chromosomes, with nucleotide divergence ranging from 0.01% to 0.41% among pairs of homologous chromosomes (Table S3) .
Variation in Relative Abundance of Mitochondrial Chromosomes. The existence of a fragmented mitochondrial genome in S. noctiflora, along with the finding that entire chromosomes can be subject to gain/loss, raises intriguing questions about variation in the relative abundance of chromosomes. Sequencing coverage of singlecopy regions varied approximately twofold among chromosomes in the BRP mitochondrial genome, ranging from a median of 12× in chromosome 61 to 25× in chromosome 30 (Table S4) . As expected, large repeat sequences exhibited higher total coverage resulting from their presence on two or more chromosomes (Fig.  2) . We found that longer chromosomes tended to have a higher average sequencing coverage (r = 0.50; P < 0.0001) but that there was no significant difference in coverage between the sets of chromosomes with and without genes (t = 1.66; P = 0.10). We used absolute qPCR measurements to validate the differences in relative abundance inferred from variation in sequencing read depth among chromosomes. Analysis of chromosomes 30 and 61 confirmed a significantly higher abundance of markers on chromosome 30 in two independent DNA samples derived from the S. noctiflora BRP lineage (P < 0.0001) ( Fig. S1 and Table S5 ).
Although many of the mitochondrial chromosomes in S. noctiflora were present in only one of the two sequenced genomes (8 unique chromosomes in OSR and 11 in BRP), the relative abundances of the remaining chromosomes were generally stable across the two populations. The 50 shared mitochondrial chromosomes exhibited a strong positive correlation in relative abundance, as measured by average sequencing read depth, between OSR and BRP (r = 0.75; P < 0.0001) (Fig. 3 and Table S6 ). Chromosomes with and without identifiable genes exhibited similar correlations and ranges of relative abundance (Fig. 3) . This finding was validated with qPCR using S. noctiflora families collected from two additional populations (BDA and BWT). After normalization with a nuclear control gene, mitochondrial qPCR markers exhibited a strong linear relationship between samples from the BDA and BWT families (Fig. S2) , with no evidence of a chromosome × family interaction (P > 0.5) (Table S7 ). This pattern is consistent with the observation that chromosomes shared across S. noctiflora families maintain similar relative abundances.
We expanded our qPCR survey to include individuals from a total of 12 geographically dispersed populations of S. noctiflora (Table S8 ) and a sample of markers from seven different chromosomes, including two that were specific to OSR and two that were specific to BRP. Most individuals shared an identical pattern of chromosome presence/absence with either OSR or BRP. However, one of the 12 individuals exhibited a third pattern that included a mixture of BRP-specific and OSR-specific chromosomes (Fig. 4) .
Discussion
Intraspecific Variation in the Massive Mitochondrial Genome of S. noctiflora. Angiosperm mitochondrial genomes harbor tremendous variation in genome size (22, 23, 34, 35) . Previous examples of variation within and between species have often been attributed to large sequence duplications (27) or the insertions of large quantities of foreign DNA (23, 36, 37) . In contrast, a fundamentally different mechanism seems to be at play in S. noctiflora, with the presence or absence of entire chromosomes explaining the size variation between genomes within this species (Fig. 1) . Although the S. noctiflora BRP and OSR mitochondrial genomes differ by only 6.1% in size, this difference represents more than 400 kb or roughly the equivalent of an entire mitochondrial genome from a "typical" angiosperm (24, 25) . In total, the chromosomes that are unique to either of the two genomes represent more than 1.8 Mb of sequence. This variation at the level of entire chromosomes is in striking contrast to the overall pattern of structural conservation in the set of shared chromosomes. The lack of inversions and rearrangements is highly unusual for angiosperm mitochondrial genomes, which are often structurally dynamic even within species (27) (28) (29) (30) . This difference is likely caused by a reduced rate of intragenomic recombination between small repeats in S. noctiflora mtDNA (22) .
The Functional Significance of Empty Chromosomes. One of the most perplexing findings from our analysis of the multichromosomal mitochondrial genomes in Silene is that they contain numerous chromosomes that lack any identifiable genes. Such seemingly empty chromosomes have also been found in other mitochondria with multichromosomal genomes, including those of cucumber (21) and ichthyosporean protists (12) . The existence of these chromosomes suggests two alternative scenarios. One possibility is that they contain some, as of yet, unidentified elements that are important for cell function. For example, the numerous minicircles in kinetoplastid mitochondrial genomes code for guide RNAs that regulate the RNA editing process (38) . Alternatively, empty chromosomes may persist as genomic parasites or perhaps commensals that impose little or no fitness cost on the organism. Our finding that the presence of these empty chromosomes is highly variable within a species supports the latter possibility and suggests that they do not serve any important biological function. In light of the renewed debate over the prevalence (and definition) of junk DNA in eukaryotic genomes (39) (40) (41) , plant mitochondria continue to provide examples of genomes that are seemingly awash in nonfunctional DNA (23) .
Are S. noctiflora Mitochondrial Chromosomes Being Gained or Lost?
Although the BRP and OSR mitochondrial genomes differ in their number of chromosomes, it is not immediately clear whether these differences reflect chromosome gains, losses, or some combination of both. Mitochondrial genomes that have been sequenced from other Silene species are so divergent in content and structure that they cannot be used to infer the ancestral state for S. noctiflora. Nevertheless, based on the overall stability in the rest of these genomes, we speculate that divergence in chromosome number reflects an ongoing process of whole-chromosome loss. We propose a "big-bang" model in which the S. noctiflora mitochondrial genome underwent massive expansion and fragmentation, possibly associated with disruption in recombinational machinery (22) , resulting in a genome size and chromosome number even larger than currently observed. Under this hypothesis, our findings would reflect an ongoing "filtering" stage in which chromosomes with essential genes are maintained by selection, but other chromosomes are subject to stochastic loss. The alternative model would be that novel chromosomes are constantly being formed within lineages. Testing these hypotheses will require more extensive intraspecific sampling of S. noctiflora mitochondrial genomes to map the history of chromosome gains/ losses onto a genealogy, ideally in combination with genomic data from a close outgroup such as Silene turkestanica (42) . (Table S8 ). Gray shading indicates that the chromosome was present. For each chromosome, presence/absence was confirmed with three different qPCR markers, which were all in agreement.
(ii) To what extent is the analysis of genomic content in vegetative tissue applicable to the inherited form of the genome that is found in meristematic tissue?
The answer to the first question seems to be no. Whereas plant mitochondrial genomes typically map as circles, they exist in more complex structural forms in vivo (43, 44) . Across eukaryotes, a variety of techniques have been used to identify and characterize multichromosomal mitochondrial genomes. As in this study, the identification of multichromosomal structures in angiosperms has been based almost exclusively on mapping/ sequencing (21-23), but, in some other cases, sequence data have been supplemented with electrophoretic separation of chromosomes and electron microscopy-based observations (11, 12, 14, 15, 17, 18, 20, 45, 46) . To date, the only direct characterization of chromosomal structure in an angiosperm multichromosomal mitochondrial genome was performed in Silene vulgaris (26) (27) (28) (29) (30) . In this case, a Southern blot analysis of the smallest (∼5 kb) mitochondrial chromosome confirmed the existence of the predicted circular molecules but found that most of the DNA was present in multimeric forms that varied in susceptibility to exonuclease digestion, indicating diversity in molecular size and structure. Based on these results, we predict that the circularmapping chromosomes found in S. noctiflora predominantly exist as high-molecular weight, multimeric structures in vivo.
The question of whether mtDNA from vegetative tissue is representative of the inherited form of the mitochondrial genome is relevant to all multicellular eukaryotes. For example, dicyemid mtDNA has been found to contain single-gene minicircles that accumulate in somatic cells over the course of development, but it has been proposed that the genome transmitted in the germ line is actually a higher molecular weight structure (47) . Addressing this question in S. noctiflora and plants in general will require technologies that can directly assay mitochondrial genome structure in meristematic tissue. Nevertheless, the most parsimonious explanation for variation in the presence or absence of entire mitochondrial chromosomes in S. noctiflora is that they are relevant units of inheritance.
Why Have Multichromosomal Mitochondrial Genomes Evolved Repeatedly in Diverse Eukaryotic Lineages? Few subjects stir the embers of the neutralist-selectionist debate more than interpretations of the extreme and often bizarre variations in genomic architecture observed across the tree of life. Variation in complexity among eukaryotic genomes, including differences in genome size and structure, has attracted both adaptive and nonadaptive interpretations that center on the long-standing debate over the functional role of noncoding (or "junk") DNA.
Many adaptive hypotheses have been advanced to explain the origins of multichromosomal mitochondrial genomes, including the effects of genome fragmentation on replication time (18, 48) and regulation of gene expression (49) . One of the more provocative hypotheses is that multichromosomal mitochondrial genomes could enable a form of sex to combat the accumulation of deleterious mutations (49) . Because mitochondrial genomes occur at high copy numbers within each cell, distributing genes across multiple chromosomes could reduce selective interference between mutations in different genes, allowing mutations to spread (or be lost) independently of mutations on other chromosomes. In the absence of biparental inheritance, the effect of this mechanism in counteracting Muller's ratchet will be limited because it would operate only on new mutations before they spread to fixation within a cell. Nevertheless, it is intriguing that the highly multichromosomal genomes analyzed in this study have evolved in a species with an apparent history of accelerated mitochondrial mutation rates and reduced frequency of inter-and intragenomic recombination (22) . Given that many multichromosomal mitochondrial genomes are found in eukaryotic lineages with accelerated evolutionary rates (50), the hypothesis that multichromosomal architectures can play a role in mutational clearance merits further investigation.
There are also alternative nonadaptive explanations for the origins of multichromosomal mitochondrial genomes. From the perspective of constructive neutral evolution (51, 52) , one hypothesis is that selection could allow the breakup of a genome into multiple chromosomes as long as preexisting mechanisms were in place to replicate each. After genome fragmentation, there would then be strong selection to maintain every chromosome that carries an essential gene. Therefore, rather than asking why selection has favored multichromosomal mitochondrial genomes in many eukaryotic lineages, the more pertinent question may be why mitochondria have been able to tolerate the repeated evolution of fragmented genomes.
One feature of mitochondria that may have allowed them to mitigate the challenges associated with transmitting multiple chromosomes is their ability to fuse (53) . Mitochondria can undergo large-scale fusion events in coordination with the cell cycle (54) , and the pooling of mitochondrial genome copies that results may reduce the probability of segregational loss of chromosomes caused by stochastic sampling. In support of this hypothesis, the evolution of multichromosomal genomes seems to be rare in plastids, which, unlike mitochondria, do not fuse. To our knowledge, the only examples of multichromosomal plastid genomes are found in dinoflagellates (55) , and these genomes are associated with extensive gene loss and transfer to the nucleus (56), suggesting that the prevention of segregational loss of chromosomes may be problematic in these systems (57) . In addition, a recent analysis of an organelle-like bacterial endosymbiont in cicadas has found that the genome has split into two largely complementary chromosomes (58) . However, these endosymbiotic bacteria presumably cannot fuse, and, rather than maintain a multichromosomal genome, they have instead split into two interdependent cellular lineages, each housing one of the chromosomes. Finally, although multichromosomal mitochondrial genomes have been found in some eukaryotes that harbor only a single mitochondrion per cell (9) , which clearly do not have the opportunity to fuse, these species would seem to have alternative mechanisms to ensure transmission. For example, in kinetoplastids, the mitochondrial genome's enormous copy number and complex structure of interlinked circular molecules (8) may facilitate the reliable inheritance of the entire mitochondrial genome.
Further analysis of variation in multichromosomal genomes within species, within individuals, and within cells, along with associated mechanisms of transmission, should provide insight into this fundamental problem of genome inheritance and how it has been solved outside of the eukaryotic nucleus.
Materials and Methods
S. noctiflora BRP mtDNA Extraction and Sequencing. Seeds from the S. noctiflora BRP population were originally collected at milepost 8 south of Humpback Rocks on the Blue Ridge Parkway in Virginia, United States. A total of 200 g of leaf tissue from a single maternal family derived from this collection was used for purification of mtDNA and generation of shotgun and 3-kb pairedend 454 sequencing libraries as described previously (22) . This population was chosen for mitochondrial genome sequencing because it was known to differ from the originally sequenced S. noctiflora OSR mitochondrial genome at the one mitochondrial (cox1) SNP previously identified in the species (22) .
S. noctiflora BRP Mitochondrial Genome Assembly and Annotation. Assembly of 454 sequence data was performed de novo and generally followed protocols used for assembly of the original S. noctiflora OSR mitochondrial genome (22) . However, the largest repeats in the S. noctiflora BRP genome (up to 22 kb) greatly exceeded the average span (2.8 kb) of the paired-end library used for assembly. These large repeats are known to undergo recombination and be associated with alternative genome conformations. Therefore, in these cases, we followed the convention of reporting chromosomes as minimal possible "subcircular" maps rather than as larger combined circular maps. Chromosomes were numbered in decreasing order of size. Assembly of 454 data produced closed circular maps for each chromosome with the exception of chromosome 61, which had the lowest sequence coverage of any chromosome in the genome (Table S4 ) and contained a small gap in an AT-rich region. Gap closing was performed by PCR amplification of total cellular DNA with primers in the regions flanking the gap (Table S9) , followed by direct Sanger sequencing of the resulting PCR product.
Annotation of the assembled S. noctiflora BRP mitochondrial genome was conducted using Mitofy (35) and direct comparison with the previously generated annotations for S. noctiflora OSR (22) . The annotated S. noctiflora BRP mitochondrial chromosome sequences were deposited in GenBank (accession nos. KP053825-KP053887).
Comparative Analysis of S. noctiflora Mitochondrial Genomes. To identify regions of homology and conserved synteny, the newly sequenced BRP mitochondrial genome was compared with the previously sequenced OSR mitochondrial genome with NCBI-BLASTN v2.2.24+ (blastn). The 50 pairs of homologous chromosomes shared between the two genomes were aligned with MAFFT v7.150b (FFT-NS-2), followed by manual adjustment (59) . Five unalignable regions within otherwise conserved chromosomes were excluded from subsequent analysis. All SNPs and indels were parsed from the resulting alignments using a custom program written in C (available from the authors upon request). Because of the high error rate associated with homopolymers in 454 sequence data, SNPs and indel analyses were also performed after excluding all sites located within 5 bp of any single nucleotide repeat of 5 bp or longer. Repetitive content was identified by searching each genome against itself with NCBI-BLASTN (megablast) and applying a minimum score cutoff of 30 as described previously (22) . Sequencing read depth for each chromosome was determined using site-specific coverage reported in the 454AlignmentInfo.tsv file produced by the GS de novo Assembler. Because sequencing coverage estimates are inflated for repeat regions, we restricted this analysis to single-copy regions by excluding all repeats longer than 300 bp and greater than 75% nucleotide identity.
Quantitative PCR Analysis. Conventional and quantitative PCR analyses were performed using total cellular DNA extracted from rosette leaf tissue with the Qiagen Plant DNeasy Kit following the manufacturer's protocols. All qPCR amplifications were performed in 10-μL volumes with SsoAdvanced SYBR Green 2× Supermix (Bio-Rad), 2 pmol of each primer, and 1 ng of template DNA. Amplification was performed on a CFX96 Touch Real-Time PCR Detection System (Bio-Rad) with an initial 3-min incubation at 95°C and 40 cycles of 3 s at 95°C and 20 s at 60°C, followed by a melt curve analysis.
To validate the variation in chromosome abundance that was inferred from sequence coverage data, we performed absolute qPCR measurements of the two BRP chromosomes (30, 60) with the most highly divergent read depths (Table S4) . Three markers were assayed on each chromosome. For each marker, a fragment of ∼650 bp in length was amplified from total cellular DNA by conventional PCR, cleaned with Agencourt AMPure XP PCR Purification beads (Beckman-Coulter), and quantified with the Qubit dsDNA BR Assay kit (Life Technologies). These fragments were used as standards for qPCR to amplify an internal fragment of ∼120 bp in length using nested primers (Table S9) . A standard curve was generated with a tenfold dilution series, using a range of 10 8 to 10 2 copies of the 650-bp PCR fragment as template. Samples from two biological replicates (different BRP individuals) were compared against this standard curve to estimate copy number for each marker. All assays were performed with three technical replicates. Statistical analyses of the resulting copy-number estimates were compared by ANOVA in R v2. 15.3 (61) , with biological replicate and chromosome as main effects and marker nested within chromosome.
To test for differences in relative abundance of mitochondrial chromosomes within and between families, we compared samples from three individuals from each of two maternal families derived from different S. noctiflora populations (BDA and BWT) ( Table S8 ). Each sample was assayed with qPCR markers on seven different chromosomes, including three that are present in both OSR and BRP, two that are present in OSR but absent in BRP, and two that are present in BRP but absent in OSR (Fig. 4) . Three different markers were used for each chromosome, and two technical replicates were performed for each assay. BDA and BWT both lacked the BRPspecific chromosomes (all three markers on each produced no amplification) so these chromosomes were excluded from further analysis. For each sample, a nuclear gene (XY4) was also assayed as a control. Cycle threshold (Ct) values for the nuclear control gene were subtracted from each mitochondrial Ct value to create ΔCt values. The resulting ΔCt data were compared by ANOVA in R, with family and chromosome as main effects, biological replicate nested within family, and marker nested within chromosome.
The same set of qPCR markers from the sample of seven chromosomes was used to screen for presence/absence variation in a single individual from 10 additional populations of S. noctiflora (Table S8) . Product specificity was verified by inspection of melt curves. All positive samples amplified within 26 cycles whereas negative samples failed to produce specific amplification within the full 40 cycles of the run.
ACKNOWLEDGMENTS. We thank two anonymous reviewers and the laboratory groups of Rachel Mueller and D.B.S. for insightful comments on an earlier version of this manuscript. We also thank Laura Bergner for assistance with mitochondrial DNA extraction and Peng Chen for assistance with computational analysis. Multiple S. noctiflora seed collections were generously provided by the Kew Royal Botanic Gardens Millennium Seed Bank. This research was supported by Colorado State University and the National Science Foundation (Grants MCB-1022128 and MCB-1412260).
